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The precise relationship between the length of the 3V poly(A) tail and the replication and infectivity of poliovirus RNA was examined in this
study. With both poly(A)11 and poly(A)12 RNAs, negative-strand synthesis was 1–3% of the level observed with poly(A)80 RNA. In contrast,
increasing the length of the poly(A) tail from (A)12 to (A)13 resulted in about a ten-fold increase in negative-strand synthesis. This increase
continued with each successive increase in poly(A) tail length. With poly(A)20 RNA, RNA synthesis approached the level observed with
poly(A)80 RNA. A similar relationship was observed between poly(A) tail length and the infectivity of the viral RNA. A replication model is
described which suggests that viral RNA replication is dependent on a poly(A) tail that is long enough to bind poly(A) binding protein and to act
as a template for VPg uridylylation and negative-strand initiation.
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The poliovirus genome is 7.5 kb in length, contains a single
open reading frame that is flanked on the 5V and 3V ends by non-
translated regions (NTRs), and terminates with a 3V poly(A) tail
of heterogeneous length (Spector and Baltimore, 1974). The
5VNTR and 3VNTR, as well as the coding region, contain cis-
active RNA sequences that control translation and replication.
The 5VNTR contains a cloverleaf structure followed by the
internal ribosome entry site (IRES). The 5V cloverleaf is critical
for maintaining the stability of the genome and plays a role in
regulating the initiation of negative-strand RNA synthesis
(Barton et al., 2001; Herold and Andino, 2001; Teterina et al.,
2001). The 3VNTR consists of structures and sequences that are
also required for the efficient initiation of negative-strand RNA
synthesis (Melchers et al., 1997, 2000; Mirmomeni et al., 1997;
Pierangeli et al., 1995; Pilipenko et al., 1996; Wang et al.,0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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inhibits, but does not totally block, poliovirus RNA replication
(Todd et al., 1997; Brown et al., 2005). Therefore, the 3VNTR is
needed for efficient negative-strand RNA synthesis but is not
absolutely required.
In eukaryotic mRNA, the length of the 3V poly(A) tail and its
association with poly(A) binding protein (PABP) helps regulate
mRNA stability and translation (Bernstein et al., 1989; Ford et
al., 1997; Gingras et al., 1999; Michel et al., 2000; Wang et al.,
1999b). Poly(A) tail shortening destabilizes cellular mRNAs
and ultimately results in the removal of the 5V cap and the
degradation of the mRNA by 5V and 3V exonucleases (Bernstein
et al., 1989; Caponigro and Parker, 1996; Couttet et al., 1997;
Ford et al., 1997; Wang et al., 1999b). Efficient translation of
capped eukaryotic mRNAs is dependent on the formation of a
closed-loop complex between proteins bound to the 5V end and
PABP bound to the 3V poly(A) tail (Gingras et al., 1999; Michel
et al., 2000; Imataka et al., 1998; Le et al., 1997; Wells et al.,
1998). Direct evidence for mRNA circularization has been
demonstrated by Wells et al. (1998). Shortening the length of
the poly(A) tail ultimately inhibits PABP binding which
destabilizes the mRNA and disrupts the circular complex
required for efficient translation.6) 509 – 519
www.e
Fig. 1. Effect of poly(A) tail length on the stability of poliovirus RNA. 32P
labeled poliovirus RNA transcripts were added to 120 Al HeLa S10
translation–replication reactions and incubated for 4 h at 34 -C. At the times
indicated, 20 Al samples from each reaction were removed, and the labeled
RNAs were analyzed by CH3HgOH-agarose gel electrophoresis and autoradi
ography. The gels show the amount of full-length labeled input RNA remaining
at each time point. The labeled full-length RNA co-migrated with the 7.5 kb
RNA marker in the gel. The position of the full-length RNA in each gel is
indicated. The amount of labeled RNAwas quantitated using a PhosphorImage
as described in Materials and methods. (A) Reactions containing RNA
transcripts with poly(A)80 and poly(A)12 tails. (B) Reactions containing RNA
transcripts with poly(A)80 and poly(A)10 tails.
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significant effect on viral RNA replication in infected cells. It is
known that the length of the poly(A) tail is an important
determinant of the infectivity of poliovirus genomic RNA since
reducing the length of the poly(A) tail resulted in a 20-fold
reduction in RNA infectivity (Spector and Baltimore, 1974).
Sarnow (1989) showed that poliovirus RNAs with poly(A)12
tails are 10% as infectious as RNAs with poly(A)n ¨ 100 tails. In
addition, assays conducted in cell-free reactions with poliovirus
RNA transcripts showed that RNAs with poly(A)12 tails
exhibited a level of negative-strand synthesis that was signifi-
cantly reduced compared to that of poly(A)80 RNAs (Barton et
al., 1996). These results suggest that the length of the poly(A) tail
plays a direct role in viral RNA replication and infectivity. It has
been suggested that the poly(A) tail plays a role in the formation
of a circular RNP complex between viral and cellular proteins
bound to the 5V cloverleaf and PABP bound to the 3V poly(A) tail
(Barton et al., 2001; Herold and Andino, 2001). Shortening the
poly(A) tail to less than eight nucleotides results in a dramatic
inhibition of negative-strand synthesis, presumably due to the
abrogation of PABP binding and the resulting dissociation of the
circular RNP complex (Herold and Andino, 2001).
A conserved stem-loop structure designated as the cis-acting
replication element (cre) has been identified in the 2C coding
region of poliovirus, as well as in various locations of other
picornaviruses (Gerber et al., 2001; Goodfellow et al., 2000;
Lobert et al., 1999; Mason et al., 2002; McKnight and Lemon,
1998). This stem-loop structure, with a highly conserved loop
sequence, has been shown to serve as the template for VPg
uridylylation (Paul et al., 2000; Rieder et al., 2000). We and
others have shown that VPgpUpU synthesized using the
cre(2C) hairpin is required for positive- but not negative-
strand RNA synthesis (Goodfellow et al., 2003; Morasco et al.,
2003; Murray and Barton, 2003). Based on this finding, it was
suggested that VPg is uridylylated using the poly(A) tail as a
template and is then used as a primer to initiate negative-strand
RNA synthesis, as originally proposed by Paul et al. (1998).
In this study, we investigated the effect of poly(A) tail
length on poliovirus negative-strand RNA synthesis using
preinitiation–RNA replication complexes (PIRCs) isolated
from HeLa S10 translation–replication reactions. Varying the
poly(A) tail length from 11 to 80 nucleotides had no effect on
stability or translation, however, negative-strand RNA synthe-
sis increased by 30-fold or more when the poly(A) tail was
increased in length from 12 to 20 nucleotides. In addition,
binding studies were performed which showed that there was
less than a three-fold change in the dissociation constant (Kd)
for PABP binding to RNAs when the poly(A) tail was
increased from (A)12 to (A)20. Therefore, the results of this
study showed that the level of negative-strand RNA initiation
was directly dependent on poly(A) tail length and identified the
specific size range over which negative-strand RNA synthesis
increased from minimal to wild-type levels. A replication
model is proposed which suggests that high levels of negative-
strand RNA synthesis require a 3V poly(A) tail that is long
enough to effectively bind PABP and to also act as a template
for VPg uridylylation and negative-strand initiation.Results
Effect of poly(A) tail length on stability
In a previous study, it was demonstrated that poliovirus
negative-strand RNA synthesis was dramatically affected by
the length of the 3V poly(A) tail in preinitiation–replication
complexes (PIRCs) isolated from HeLa S10 translation–
replication reactions (Barton et al., 1996). However, the
stability of the RNA transcripts containing long and short
poly(A) tails was not determined. It was possible that part of
the inhibition observed with transcripts containing a short
poly(A) tail was the result of RNA instability. To examine this
possibility, RNA stability assays were performed using
transcript RNAs containing poly(A)80 tails (wild-type) and
poly(A)12 tails.
32P-labeled RNA transcripts were incubated in
HeLa S10 reactions containing 2 mM guanidine–HCl to
prevent negative-strand RNA synthesis. At this concentration,
guanidine–HCl has no effect on protein synthesis or poly-
protein processing (Barton et al., 1995). The results of these
assays showed that there was no significant difference in the
relative stability of the poly(A)12 and poly(A)80 RNAs in a
4 h reaction (Fig. 1A, compare lanes 1–5 with lanes 6–10).
Quantitation of the labeled input RNAs demonstrated that 31%
of the poly(A)80 RNA remained intact at 4 h, compared to 26%
for poly(A)12 RNA. These results are comparable to those of
previous stability assays with PV(A)80 RNA (Barton et al.,
2001). Therefore, changing the poly(A) tail length over this
size range had no significant effect on viral RNA stability.-
-
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Fig. 2. Effect of poly(A) tail length on negative-strand RNA synthesis.
Negative-strand synthesis was measured as described in Materials and methods
using PIRCs isolated from HeLa S10 translation– replication reactions
containing poliovirus RNA transcripts with different poly(A) tail lengths, as
indicated. The PIRCs were resuspended in reactions containing [a-32P]CTP
and incubated at 37 -C for 45 min. Labeled product RNAs were analyzed by
gel electrophoresis and autoradiography. The labeled full-length product RNA
co-migrated with the 7.5 kb RNA marker in the gel. (A) Negative-strand
synthesis in reactions containing poly(A)80, poly(A)37, poly(A)29, and
poly(A)11 RNAs. (B) Negative-strand synthesis in reactions containing
poly(A)80, poly(A)20, poly(A)15, poly(A)14, poly (A)13, and poly(A)12 RNAs.
(C) Graph showing the effect of poly(A) tail length on negative-strand RNA
synthesis. The amount of labeled negative-strand RNA synthesized was
determined for each poly(A) tail variant by PhosphorImager analysis of gels
from several experiments including those shown in panels A and B. For each
experiment, the amount of negative-strand synthesis for each RNA is shown as
a percentage of the amount of negative-strand synthesis observed in the same
experiment with poly(A)80 RNA. These percentages were averaged and plotted
as a function of poly(A) tail length. The insert depicts the low level of negative-
strand synthesis observed with poly(A)11 and poly(A)12 RNAs and shows the
large increase in negative-strand synthesis observed with poly(A)13 and
poly(A)14 RNAs.
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with RNAs containing poly(A)11 and poly(A)10 tails. Assays
with poly(A)11 RNA showed that it was as stable as poly(A)80
RNA (data not shown). With poly(A)10 RNA, however, there
was a small but measurable decrease in stability compared to
poly(A)80 RNA (Fig. 1B). When compared to the amount of
intact RNA present at 0 h, the amount of full-length poly(A)80
RNA and poly(A)10 RNA remaining after 4 h was 35% and 14%,
respectively (Fig. 1B, compare lanes 1 and 5 with lanes 6 and
10). In summary, the results showed that there was no significant
decrease in RNA stability when the poly(A) tail was 11
nucleotides or longer. Only when the length of the poly(A) tail
was reduced to 10 nucleotides was it possible to detect a small
effect on RNA stability. In the following experiments, we used
RNAs with poly(A) tails of 11 nucleotides or longer to eliminate
stability as a factor in the negative-strand RNA synthesis assays.
Relationship between poly(A) tail length and initiation of
negative-strand RNA synthesis
Although it is known that negative-strand RNA synthesis
increases dramatically as a function of poly(A) tail length, it
was not known if there was a gradual increase in RNA
synthesis as a linear function of poly(A) tail length or if RNA
synthesis increased rapidly over a narrow size range. To
address this question, negative-strand synthesis was measured
using PIRCs containing RNA transcripts with poly(A) tails
ranging from 11 to 80 nucleotides long. RNAs with poly(A)11,
poly(A)29, and poly(A)37 tails were compared with poly(A)80
RNA for their ability to support negative-strand RNA synthesis
(Fig. 2A). As expected, the level of replication observed with
poly(A)11 RNA was about 3% of the level observed with
poly(A)80 RNA (Fig. 2A, lanes 1 and 4). In contrast, the
poly(A)29 and poly(A)37 RNAs replicated at levels similar to
that observed with poly(A)80 RNA (Fig. 2A, compare lanes 1,
2, and 3). These results indicated that negative-strand RNA
synthesis did not increase as a linear function of poly(A) tail
length over the 11–80 nucleotide size range. Rather, it
appeared that the minimum length poly(A) tail required for
wild-type levels of negative-strand RNA synthesis was
between 11 and 29 nucleotides.
To investigate this observation in more detail, RNA
transcripts were prepared that contained poly(A) tails that
were 12, 13, 14, 15, and 20 nucleotides long. These RNAs and
poly(A)80 RNA were used to measure negative-strand RNA
synthesis in reactions containing PIRCs (Fig. 2B). A significant
increase in RNA synthesis was first observed with poly(A)13
RNA (Fig. 2B, lane 5). Negative-strand RNA synthesis
continued to increase as the length of the poly(A) tail was
increased from (A)13 to (A)20 (Fig. 2B, lanes 2–5).
The overall effect of poly(A) tail length on negative-strand
RNA synthesis is shown graphically in Fig. 2C. The results
show that a measurable but low level of synthesis was
supported by the poly(A)11 and poly(A)12 RNAs (Fig. 2C,
insert). A dramatic increase in negative-strand RNA synthesis
was detected when the length of the poly(A) tail was increased
by only one nucleotide from (A)12 to (A)13, which resulted in aten-fold increase in negative-strand synthesis (Fig. 2C, insert).
Negative-strand synthesis continued to increase with each
additional increase in poly(A) tail length (Fig. 2C). Poly(A)20
RNA replicated at approximately 90% of the level observed
with poly(A)80 RNA (Fig. 2C). Therefore, negative-strand
synthesis increased from minimal to wild-type levels as the
length of the poly(A) tail was increased from (A)12 to (A)20.
This precise quantitative relationship between poly(A) tail
length and negative-strand RNA synthesis defined the mini-
Fig. 3. Poly(A) tail length had no effect on viral protein synthesis or polyprotein processing. A portion of each HeLa S10 translation–replication reactions used in
Fig. 2B was removed, and [35S]methionine was added. Samples were taken at 0 and 4 h, and the labeled viral proteins were characterized by SDS-10% PAGE. The
positions of specific viral proteins are indicated on the right.
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negative-strand synthesis. Control translation reactions showed
that the variation in poly(A) tail length between these RNAs
made no significant difference in the level of viral protein
synthesis or polyprotein processing (Fig. 3). Therefore, the
observed increase in RNA synthesis was the result of a direct
effect of poly(A) tail length on negative-strand RNA synthesis
and was not an indirect consequence of a change in translation
or RNA stability.Fig. 4. Effect of poly(A) tail length on plaque size. (A) BSC-40 cells in 6-well d
procedure. A 1% methylcellulose–EMEM mixture was applied to the transfected c
visualized by staining the cells with crystal violet. Representative wells are shown fo
infectivity of poliovirus RNA. BSC-40 cells were transfected with poly(A)80, poly
RNA concentrations as described in Materials and methods. The specific infectivit
infectivity obtained for poly(A)80 RNA in the same experiment. These percentagesRelationship between RNA infectivity and poly(A) tail length
Since variations in poly(A) tail length over a narrow size
range had a direct effect on negative-strand RNA synthesis, we
predicted that a similar relationship would be observed between
poly(A) tail length and RNA infectivity. To investigate this,
poly(A)12, poly(A)13, poly(A)14, poly(A)15, and poly(A)80
RNAs were transfected into cells, and the specific infectivity
of each RNAwas determined (see Materials and methods). Theishes were transfected with the indicated RNAs using the DEAE transfection
ells, and the plates were incubated at 37 -C for 3 days. The plaques were then
r each RNA. (B) Graph showing the effect of poly(A) tail length on the specific
(A)15, poly(A)14, poly(A)13, and poly(A)12 RNAs in duplicate at two different
y of each RNA was determined and calculated as a percentage of the specific
were averaged and plotted as a function of poly(A) tail length.
Fig. 5. Effect of poly(A) tail length on PABP binding to viral RNAs containing poly(A)12 and poly(A)80 tails. [a-
32P]CTP-labeled probes were generated as
described in Materials and methods. The labeled probes were incubated with increasing concentrations of purified PABP then analyzed using electrophoretic mobility
shift assays as described in Materials and methods. The positions of the free RNA probe and the shifted RNA/protein complexes are indicated by arrows.
Fig. 6. Western blot analysis of PABP in HeLa S10 reactions and PIRCs. A
portion (0.8%) of a 50 Al HeLa S10 translation– replication reaction (lane 4)
and 5% of a PIRC pellet resuspended in 20 Al of Laemmli sample buffer (lane
5) were analyzed by Western blotting with anti-PABP antibody. Known
concentrations of purified PABP were used as a standard (lanes 1 and 2), as was
an aliquot of HeLa S10 cytoplasmic extract for which the PABP concentration
is known (lane 3).
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noticeably smaller than those obtained with poly(A)80 RNA
(Fig. 4A). The RNAs with poly(A)13 tails or longer formed
plaques similar in size to those formed by poly(A)80 RNA (Fig.
4A). The specific infectivity for each RNA was plotted as a
percentage of the value obtained for poly(A)80 RNA (Fig. 4B).
In agreement with previous studies (Sarnow, 1989; Spector and
Baltimore, 1974), the infectivity of poly(A)12 RNA was about
20-fold lower than that of poly(A)80 RNA. Consistent with the
results described above for negative-strand RNA synthesis, there
was a sharp increase in RNA infectivity as the poly(A) tail was
increased in length from (A)12 to (A)15 (Fig. 4B). Therefore, the
infectivity observed with each of these RNAs closely correlated
with their ability to synthesize negative-strand RNA.
Effect of poly(A) tail length on the Kd for PABP binding to
viral RNA
It has been suggested that the binding of PABP to the poly(A)
tail is necessary for the formation of the circular RNP complex
which is required for negative-strand RNA initiation (Herold and
Andino, 2001; Barton et al., 2001). To investigate the
relationship between PABP binding and poly(A) tail length,
we performed electrophoretic mobility shift assays (EMSAs)
with purified PABP and PV RNA transcripts containing poly(A)
tails of varying lengths. RNA probes containing the complete
3VNTR and poly(A) tails of varying lengths were incubated with
increasing concentrations of purified PABP. The RNA/protein
(RNP) complexes were analyzed by electrophoresis on a native
5% polyacrylamide gel. Examples of gel shifts for two RNAs,
containing poly(A)12 and poly(A)20, are shown in Fig. 5. The
free RNA probe (as indicated by arrows in Fig. 5) was shifted by
the addition of increasing concentrations of PABP. The probe
containing poly(A)20 was shifted with a greater efficiency than
the probe with poly(A)12 (Fig. 5, compare lanes 4–6 with lanes
10–12). An additional slower migrating RNP complex (i.e.,
super-shifted band) was observed at high concentrations of
PABP with both RNAs. More of the super-shifted complex was
observed with poly(A)20 because more of the labeled probe was
shifted in these reactions. A previous study showed that the
super-shifted complex represents a PABP–PABP dimer bound
to the poly(A)23 RNA. Formation of the PABP dimer is mediatedby a protein–protein interaction (C-terminus of PABP required)
in which a second molecule of PABP interacts with the first
molecule of PABP bound to poly(A). In addition, it was shown
that the formation of the PABP homodimer had no effect on the
Kd of PABP binding to poly(A) (Kuhn and Pieler, 1996). The
dissociation constants (Kd) for PABP binding to the RNAs
containing poly(A)12 and poly(A)20 were 19 nM and 7 nM,
respectively (Fig. 5). The Kd values for RNAs containing
poly(A)13 and poly(A)17 were 19 nM and 15 nM, respectively
(data not shown). Therefore, these experiments demonstrated
that the Kd for PABP binding to viral RNAs only decreased 2.7-
fold as the length of the poly(A) tail increased from (A)12 to
(A)20. In addition, these values closely match theKd of 7 nM that
was previously reported for PABP binding to purified poly(A)25
by Gorlach et al. (1994) and 6 nM that was reported for PABP
binding to poly(A)23 (Kuhn and Pieler, 1996).
Relationship between poly(A) tail length and initiation of
negative-strand RNA synthesis in saturating concentrations of
PABP
To ensure that PABP was bound to majority of the viral
transcript RNAs regardless of poly(A) tail length, we used
Fig. 7. Effect of poly(A) tail length on negative-strand RNA synthesis in the
presence of saturating concentrations of PABP. (A) Negative-strand synthesis
was measured as described in Fig. 2 and in Materials and methods, except tha
the isolated PIRCs were resuspended in fresh HeLa S10 translation– replication
reactions to maximize the concentration of PABP. Labeled product RNAs were
analyzed by gel electrophoresis and autoradiography. The position of full
length negative-strand RNA is indicated. (B) The amount of labeled produc
RNA was calculated as a percentage of the amount of labeled product RNA
synthesized in reactions containing wild-type poly(A)80 transcript RNA. The
results are plotted as a function of poly(A) tail length.
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PABP. We measured negative-strand synthesis in PIRCs that
were resuspended in fresh HeLa S10 translation reactions,
rather than in assay buffer, which allowed us to measure
negative-strand synthesis in saturating concentrations of
PABP. We measured the concentration of PABP in the
HeLa S10 translation–replication reactions and in resus-
pended PIRCs using a Western blot analysis (Fig. 6).
Purified recombinant PABP was used as a standard in this
analysis. Using this approach, we showed that the concen-
tration of PABP was 375 nM in HeLa S10 translation–
replication reactions and 133 nM in PIRCs resuspended in
assay buffer. These results indicated that the total PABP
concentration in reactions containing PIRCs resuspended in
a fresh HeLa S10 translation–replication reaction was about
508 nM. Using this concentration of PABP in combination
with the Kds for PABP binding to RNAs containing poly(A)
tails of a varying length, we determined that >95% of the
viral RNA transcripts would be bound to PABP, regardless
of poly(A) tail length. Therefore, the relative efficiency of
PABP binding as a function of poly(A) tail length was
eliminated as a factor in this assay. We determined the level
of negative-strand RNA synthesis in these reactions using
RNA transcripts containing poly(A) tails of 12, 13, 14, 15,
20, and 80 nucleotides long (Fig. 7A). The results from this
experiment are depicted graphically in Fig. 7B. Control
reactions showed that there was no significant difference in
the amount of translation observed for each RNA transcript
used in this assay (data not shown). In agreement with our
previous findings, we again observed a sharp increase in
negative-strand synthesis from minimal to wild-type levels
as the poly(A) tail was increased in length from (A)12 to
(A)20 (Figs. 7A and B). Therefore, these results demonstrat-
ed that, even when all of the template RNAs were bound to
PABP, the level of negative-strand synthesis observed was
directly dependent on the length of the poly(A) tail.
Discussion
In this study, we defined the minimum length of poly(A)
tail that was required to achieve wild-type levels of
negative-strand RNA synthesis. Our results clearly showed
that increasing the length of the poly(A) tail from (A)12 to
(A)20 resulted in an increase in negative-strand synthesis that
was independent of RNA stability or translation. Although a
small increase in PABP binding was observed as the length
of the poly(A) tail was increased from (A)12 to (A)20, it did
not account for the dramatic increase in negative-strand
synthesis. Therefore, in addition to binding PABP, the 3V
poly(A) tail plays a direct role in the initiation of negative-
strand synthesis.
Role of poly(A) tail in viral RNA stability and translation
PABP monomers contain four RNA recognition motifs
(RRMs 1–4) and are spaced about 25 nucleotides apart on the
poly(A) tails of cellular mRNAs (Gorlach et al., 1994; Sachs ett
-
tal., 1987; Wang et al., 1999b). There is considerable evidence
that the two N-terminal RRMs (RRM1 and RRM2) are the
major contributors to the poly(A) binding activity (Deo et al.,
1999; Burd et al., 1991; Imataka et al., 1998; Sachs et al.,
1987). In addition, it was shown in competition binding assays
that poly(A)11 RNA is the shortest poly(A) sequence that will
compete effectively with poly(A)25 RNA for PABP RRM1/2
binding (Deo et al., 1999). This is consistent with the finding
that PABP RRM1/2 forms high-quality crystals with poly(A)11
RNA (Deo et al., 1999).
Based on these studies, poliovirus poly(A)12 RNA can
support the binding of a single monomer of PABP and is as
stable as poly(A)80 RNA which can bind two or three
monomers of PABP. Poly(A)10 RNA exhibited reduced
stability, which may result from the lower binding affinity
of PABP for poly(A)10 RNA. In agreement with previous
observations (Barton et al., 1996; Spector et al., 1975),
equal levels of translation and protein processing were
observed for all RNAs containing poly(A) tails of 11
nucleotides or longer. Therefore, we were able to determine
the effect of poly(A) tail length on negative-strand synthesis
independent of any changes in viral RNA stability or
translation.
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RNA infectivity
Previous studies showed that the amount of negative-strand
RNA synthesized in cell-free reactions with poly(A)12 RNAwas
only a small fraction of the amount synthesized with poly(A)80
RNA (Barton et al., 1996). In addition, it was shown in another
study that the level of negative-strand synthesis increased
progressively on poly(A)8, poly(A)12, and poly(A)16 RNAs. A
poly(A) tail 8 nucleotides long was the minimum size poly(A)
tail that would support detectable levels of negative-strand
synthesis and PABP binding (Herold and Andino, 2001).
Therefore, it was concluded that PABP binding to the 3V poly(A)
tail was required for negative-strand initiation. However, the
precise size range for the poly(A) tail over which negative-strand
synthesis increased from minimal to wild-type levels was not
previously determined. An important finding of the current study
is that we showed that there was a sharp increase in RNA
synthesis over a very narrow size range. The first significant
increase in RNA synthesis occurred when the length of the
poly(A) tail was increased from (A)12 to (A)13. Negative-strand
RNA synthesis continued to increase with each successive
addition to the poly(A) tail. With poly(A)20 RNA, RNA
synthesis approached the levels observed with wild-type RNA.
Therefore, we observed a quantitative relationship between
negative-strand synthesis and poly(A) tail length. This defined
the minimum size range for the 3V poly(A) tail that was required
for optimal levels of negative-strand RNA synthesis.
Infectivity assays indicated that a similar relationship exists
between RNA infectivity and poly(A) tail length. Although the
short poly(A) tails would be repaired to form long poly(A) tails
during multiple rounds of replication in infected cells, the
initial replication of the input RNA transcripts should be
affected by the poly(A) tail length (Sarnow, 1989). Consistent
with this idea, we observed a sharp increase in both negative-
strand synthesis and the infectivity of the transfected RNAs
when the poly(A) tail was increased in length from A12 to A15.
Poly(A) tail length and PABP binding
Recent studies suggest that a circular RNP complex,
including PABP bound to the poly(A) tail, is formed by the
interaction of the 5V and 3V ends of the RNA (Barton et al., 2001;
Herold and Andino, 2001; Teterina et al., 2001). This complex
regulates RNA replication at the level of negative-strand RNA
synthesis. It is possible that shortening the poly(A) tail reduces
the affinity with which PABP binds, eliminating the interaction
between the 5V and 3V ends of the viral RNA and the initiation of
negative-strand RNA synthesis. In this study, a moderate
decrease (2.7-fold) in the Kd for PABP binding to RNA
containing poly(A)12 was observed compared to RNA contain-
ing poly(A)20. More striking, however, was the observation that
negative-strand synthesis increased by about ten-fold when the
length of the poly(A) tail was increased from poly(A)12 to
poly(A)13, although the Kds were similar for these two RNAs
(i.e., 19 nM). Taken together, these results indicate that the
dramatic increase in negative-strand RNA synthesis that wasobserved when the length of the poly(A) tail was increased by
only a few nucleotides cannot be explained by the very small
change in the amount of PABP bound to the 3V poly(A) tail. This
was clearly demonstrated in reactions containing saturating
concentrations of PABP, where >95% of poly(A)12 and
poly(A)20 RNAs were bound to PABP. In these reactions, we
again observed a dramatic increase in negative-strand RNA
synthesis between poly(A)12 and poly(A)20. Therefore, the
increase in negative-strand synthesis that was observed as a
function of poly(A) tail length was not a result of an increase in
the amount of PABP bound to the poly(A) tail.
Replication model describing the relationship between poly(A)
tail length and RNA replication
In this study, we concluded that the length of the poly(A)
tail, between (A)12 and (A)20, has a direct effect on the
initiation of negative-strand RNA synthesis since there were no
significant differences in stability, translation, or PABP binding
efficiency. It appears that the effect of poly(A) tail length on
negative-strand RNA synthesis results from the ability of the 3V
poly(A) tail to carry out two basic functions during poliovirus
RNA replication. (1) It must bind PABP to facilitate the
formation of a circular RNP complex that is required for the
initiation of negative-strand synthesis. (2) It is required to act as
a template for the VPg-primed initiation of negative-strand
RNA synthesis.
It was initially proposed that VPg is uridylylated by 3Dpol
using the 3V poly(A) tail as a template and is then elongated
to synthesize negative-strand RNA (Paul et al., 1998). This
idea was strongly supported by recent evidence showing that
negative-strand RNA synthesis is not inhibited in reactions
where the cre-dependent synthesis of VPgpUpU is blocked
(Goodfellow et al., 2003; Morasco et al., 2003; Murray and
Barton, 2003). This raises the interesting possibility that a
poly(A)12 tail is long enough to tightly bind PABP but is not
long enough to act as an efficient template for VPg
uridylylation and negative-strand initiation. Therefore, in-
creasing the length of the poly(A) tail by only a few
nucleotides may significantly enhance the VPg uridylylation
reaction and negative-strand initiation, consistent with our
experimental findings. Additional studies are now underway
to investigate this interesting possibility.
Materials and methods
Mutagenesis of 3V poly(A) tail
Shortened poly(A) tails were introduced into a cDNA clone
of the Mahoney strain of type I poliovirus, pT7-PV1(A)80
(Sarnow, 1989; Barton et al., 1999). To do this, pT7-PV1(A)80
DNAwas digested with PvuII, and the fragment containing the
vector sequence and the entire 3VNTR was self-ligated to create
a subclone, pPV1(A)80NTR. This subclone was mutagenized
for other studies using the Transformer Site Directed Muta-
genesis Kit (Clontech). Sequencing the resulting plasmids
revealed that in some cases the desired mutations were not
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tions. Subclones with poly(A)29 and (A)37 were chosen.
Plasmid preparations were made using the Plasmid Midi Kit
(Qiagen, Inc.), and plasmid DNAwas linearized with PvuII and
treated with shrimp alkaline phosphatase (SAP) (Roche). After
gel purification, the subclone DNA was ligated back into pT7-
PV1(A)80 at the PvuII site to create full-length plasmids with
the indicated short poly(A) tails, pT7-PV1(A)29 and pT7-
PV1(A)37. These plasmids were transformed into Epicurian
Coli SURE competent cells (Stratagene) according to the
manufacturer’s instruction. Large-scale plasmid preparations
were made using the Plasmid Midi Kit and sequenced at the
DNA Sequencing Core Laboratory (Interdisciplinary Center for
Biotechnology Research, University of Florida).
The full-length pT7-PV1(A)29 clone served as a template
to engineer clones with even shorter poly(A) tail lengths by
PCR mutagenesis. Primers (BRL-(A)n) were designed (5V-
CCCCGAAAAGTGCCACCTGACGCG(T)nCTCCG-3V)
which spanned the MluI site (underlined) and resulted in the
poly(A) tail lengths indicated in the text. PCR reactions
consisted of 20 mM Tris–HCl pH 8.4, 50 mM KCl, 1.5 mM
MgCl2, 200 pmol BRL-6782 (5V-GACTACCTAAACCACT-
CACACCACC-3V), 200 pmol BRL-(A)n, 200 AM each dATP,
dCTP, dGTP, and dTTP, 100 ng pT7-PV1(A)29 DNA, and
2.5U Taq DNA polymerase. Purified PCR fragments contain-
ing the poly(A) tail mutations were digested with PvuII and
MluI, extracted with phenol/chloroform/IAA and resolved on
3.5% NuSieve GTG agarose gels (FMC Bio-Products) and
purified using the Geneclean Spin kit (Bio101). Purified DNA
insert fragments were ligated into the PvuII and MluI sites
contained in a cDNA clone derived from pT7-PV1(A)80,
pLRS3, that contained a unique PvuII site in the poliovirus
coding region at nucleotide 7053. DNA was transformed into
Epicurian Coli SURE competent cells, and large-scale
plasmid preparations were made as described above.
Viral RNA preparation
Two micrograms of pT7-PV1(A)n DNA was linearized by
digestion with MluI and transcribed by bacteriophage T7 RNA
polymerase for 2 h at 37 -C as described (Barton et al., 1996). To
synthesize 32P-labeled viral RNA transcripts for use in RNA
stability assays, 1.5 Ag of plasmid DNA was used in 100
Al transcription reactions containing 50 ACi [a-32P]CTP (400Ci/
mmol, Amersham Pharmacia). Transcription reactions were
stopped by the addition of 200 Al of 0.5% SDS buffer (100 mM
NaCl, 10 mM Tris–HCl pH 7.5, 1 mM EDTA, 0.5% sodium
dodecyl sulfate). The transcript RNAs were phenol extracted,
precipitated in ethanol, and purified by chromatography on
Sephadex G50 columns and by ethanol precipitation. RNA
transcripts were quantitated by measuring UVabsorption at 260
nm prior to use. Labeled transcript RNAs were also quantitated
by precipitation in trichloroacetic acid (TCA) as described
(Barton et al., 1996). Transcript RNAs used in this study
contained two non-viral G nucleotides at their 5V terminus. The
presence of the two non-viral Gs on viral RNA transcripts was
previously shown to inhibit positive-strand RNA synthesis tobelow detectable levels in preinitiation–replication complexes
(Barton et al., 1996, 1999; Herold and Andino, 2000).
HeLa S10 translation–RNA replication reactions
HeLa S10 extracts and HeLa cell translation initiation
factors were prepared as described by Barton et al. (1996). The
HeLa S10 translation–replication reactions were performed as
previously described (Barton et al., 1996) with some modifica-
tions. Transcript RNA (5 Ag) was added to 100 Al reaction
mixtures that contained 50% HeLa S10 extract, 20% HeLa cell
translation initiation factors, and 2 mM guanidine–HCl in 1
reaction buffer (1 mM ATP, 250 AM GTP, 250 AM UTP, 60
mM KCH3CO2, 15.5 mM HEPES–KOH pH 7.4, 0.4 mg/ml
creatine kinase, 30 mM creatine phosphate). To monitor protein
synthesis, 12 Al from each HeLa S10 translation–replication
reaction was removed, and 15 ACi of [35S]methionine (1200
Ci/mmol, Amersham Pharmacia) was added. The unlabeled
reactions and the [35S]methionine-labeled reactions were
incubated for 4 h at 34 -C to allow for translation and
formation of preinitiation–replication complexes.
Analysis of translation of viral RNA transcripts
Duplicate 1 Al samples were removed at 0 and 4 h from the
HeLa S10 translation – replication reactions containing
[35S]methionine and added to 100 Al of 3% casamino acids
(3% casamino acids in 0.1N KOH). Labeled viral proteins were
precipitated in TCA, collected on filters, and counted in a
liquid scintillation counter. In addition, at 0 and 4 h, 2.5 Al of
the [35S]methionine-labeled HeLa S10 translation–replication
reactions was removed and added to 50 Al of Laemmli sample
buffer (20% v/v glycerol, 2% v/v SDS, 62.5 mM Tris–HCl, pH
6.8, 72 mM 2-mercaptoethanol, 0.1% bromophenol-blue) and
analyzed by SDS-10% PAGE. In all experiments where the
level of RNA replication was compared between transcript
RNAs with different poly(A) tail lengths, the above quantita-
tion was performed to demonstrate that an equivalent amount
of the labeled viral proteins was synthesized in each reaction.
Analysis of viral negative-strand RNA synthesis in PIRCs
Negative-strand RNA synthesis on the poliovirus transcript
RNAs was measured in reactions containing preinitiation–
replication complexes (PIRCs) as previously described (Barton
et al., 1996, 1999) (method 4), with some modification. HeLa
S10 translation–replication reactions were incubated at 34 -C
for 4 h in the presence of guanidine–HCl, and the preinitiation–
replication complexes were isolated by centrifugation at
15,000  g for 15 min at 4 -C. The supernatants containing
guanidine–HCl were removed. The remaining PIRC pellets
were treated in one of two ways. PIRCs were resuspended in 50
Al reaction mixtures containing 25 Al of S10 buffer (40 mM
HEPES–KOH (pH 7.4), 120 mM KCH3CO2, 5.5 mM
Mg(CH3CO2)2, 10 mM KCl, 6 mM DTT, 1 mM CaCl2, and 2
mM EGTA), 10 Al of 10 nucleotide reaction mix, 5 AM CTP,
and 25 ACi of [a-32P]CTP (400 Ci/mmol, Amersham Pharma-
cia). The resuspended PIRCswere incubated at 37 -C for 45min.
The resulting 32P-labeled product RNAs were phenol extracted,
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electrophoresis. An RNA molecular weight ladder (0.24–9.5
kb) from Invitrogen was used to determine the size of the labeled
product RNA. Equal loading for each lane was confirmed by
ethidium bromide staining of the resolved RNAs as described
previously (Young et al., 1985). Labeled RNAwas detected by
autoradiography and was quantitated using a PhosphorImager.
The amount of labeled product RNA was calculated as a
percentage of the amount of labeled product RNA synthesized in
reactions containing wild-type poly(A)80 transcript RNA. As a
negative control, we have shown that 2 mM guanidine–HCl
completely inhibited poliovirus negative-strand synthesis in
HeLa S10 reactions. In several previous studies, we have
established that the labeled product RNA synthesized in these
reactions is authentic negative-strand RNA (Barton and Flane-
gan, 1997; Barton et al., 1996).
Analysis of viral negative-strand RNA synthesis in reactions
containing saturating PABP concentrations
In the experiments where PABP concentration was maxi-
mized in the RNA replication reaction, isolated PIRCs were
resuspended in a 50 Al label mix that contained 25 Al HeLa
S10, 10 Al HeLa initiation factors, 5 Al of 10 nucleotide
reaction mix, and 50 ACi of [a-32P]CTP. The resuspended
PIRCs were incubated at 37 -C for 20 min. The resulting 32P-
labeled product RNAs were phenol extracted, ethanol precip-
itated, and analyzed by CH3HgOH 1% agarose gel electro-
phoresis as described above.
RNA stability assays
To measure RNA stability, 6 Ag of 32P-labeled viral RNA
transcript was added to 120 Al HeLa S10 translation–replication
reactions containing guanidine–HCl. Reactions were incubated
for 4 h at 34 -C. Twenty-microliter samples were removed at 0,
0.5, 1, 2, and 4 h and added to 400 Al of 0.5% SDS buffer. The
labeled RNA samples were phenol extracted and precipitated
with ethanol overnight at 20 -C. The amount of full-length
RNA remaining at each time point was determined by
CH3HgOH 1% agarose gel electrophoresis (Young et al.,
1985). An RNA molecular weight ladder (0.24–9.5 kb) from
Invitrogen was used to determine the size of the labeled RNA.
The labeled RNA in the dried gel was quantitated using a
PhosphorImager. The amount of labeled RNA recovered at each
time point was calculated as a percentage of the amount of input
RNA.
RNA transfection and infectivity assays
Poliovirus RNAs were transfected into cells using the
DEAE–dextran (Amersham Pharmacia) method as described
(Collis et al., 1992) with some modifications. BSC-40 cells in
six-well dishes were first rinsed with a solution of phosphate-
buffered saline (PBS pH 7.4) (2.6 mM KCl, 1.5 mM KH2PO4,
137 mM NaCl, 8.6 mM Na2HPO4) that contained 0.1 mg/ml
MgCl2 and CaCl2. Two hundred microliters of a 500 mg/ml
DEAE–PBS mixture containing the indicated amount ofSephadex G50-purified transcript RNA was used to transfect
the cells. The RNA mixture was then applied to the cells, and
the cells were rocked every 12 min for a total of 45 min. The
DEAE–dextran solution was aspirated, and the cells were
rinsed with PBS/MgCl2/CaCl2 solution. A methylcellulose
overlay (EMEM with 5% fetal clone, 1% methylcellulose) was
then added. The transfected cells were incubated at 37 -C for 3
days and stained with crystal violet to visualize viral plaques.
PABP expression and purification
pET3b-PABP-His, which encodes human poly(A) binding
protein, PABP1, with a hexahistidine tag at the C-terminus
(kindly provided by N. Sonenberg), was transformed into
BL21-Gold(DE3) cells (Stratagene). The bacteria were grown,
induced, lysed, and the protein was purified by passage over
Ni-NTA agarose columns as recommended by the manufac-
turer (Qiagen, Inc.). The purified protein, hPABP-His, was
dialyzed twice against 40 mM HEPES pH 8, 120 mM
KCH3CO2, 5.5 mM Mg(CH3CO2)2, 10 mM KCl, 6 mM
DTT, and 10% glycerol. Protein concentration was determined
by BioRad Protein assay and by Western blot analysis using a
monoclonal antibody for PABP (gift from G. Dreyfuss).
Electrophoretic mobility shift assays
DNA templates containing the T7 promoter, the entire
poliovirus 3VNTR, and varying lengths of poly(A) were
generated by PCR. Radiolabeled RNA probes were made by
T7 transcription of the PCR products in the presence of
[a-32P]CTP (400 Ci/mmol, Amersham Pharmacia). Probes
were purified by passage over NucAway Spin Columns
(Ambion) followed by phenol extraction and ethanol precip-
itation. Electrophoretic mobility shift assays (EMSA) were
performed based on a modified protocol described earlier
(Andino et al., 1990). Increasing amounts of purified hPABP-
His were pre-incubated in buffer (5 mM HEPES pH 7.9, 25
mM KCl, 2 mM MgCl2, 3.8% glycerol, 0.5 mM EDTA, 20
mM DTT) containing 20 Ag yeast tRNA and 40 U RNAs in
(Promega) at 30 -C. 0.5 ng of 32P-labeled probe was added,
and the reactions were incubated for a further 10 min at 30 -C.
Protein–RNA complexes were resolved in native 5% poly-
acrylamide gels (acrylamide/bis 40:1) containing 5% glycerol
in 0.5 TBE (0.0178 mM Tris base, 0.0178 mM boric acid, 2
mM EDTA). Gels were pre-run at 30 mA for 30 min at 4 -C,
loaded, and then run for 2.5 h at 220 Vat 4 -C. Gels were dried
for 1 h, and the labeled RNA probes were visualized by
autoradiography. Ratios of free probe to PABP-bound probe
were determined by PhosphorImager analysis (Molecular
Dynamics) and quantitated by ImageQuant software.
Western blot analysis
PABP concentration in (1) HeLa cell extracts, (2) HeLa S10
translation–replication reactions, and (3) PIRCs was deter-
mined using Western blot analysis. (1) Cell extracts were made
from 1  108 cells resuspended in 1.5 ml of lysis buffer (10
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debris was pelleted at 1140  g for 10 min at 4 -C. 7.5 Al of the
supernatant was diluted 3-fold, and a 1 Al aliquot (0.02% of the
total cell extract) was solubilized in Laemmli sample buffer and
analyzed on the gel. (2) A 10 Al aliquot of a 50 Al HeLa S10
translation–replication reaction was diluted 5-fold, and a 2
Al aliquot (0.8% of total reaction) was solubilized and analyzed
on the gel. (3) To determine the concentration of PABP in
PIRCs, PIRCs were isolated from a 50 Al HeLa S10
translation–replication reaction as described and resuspended
in 20 Al of Laemmli sample buffer. A 1 Al aliquot (5% of the
PIRC pellet) was analyzed on the gel.
Purified recombinant PABP (a gift from G. Dreyfuss) was
used as a standard after determining its concentration by
Bradford Assay (BioRad). Since the intracellular concentration
of PABP in HeLa cells has been previously determined
(Gorlach et al., 1994), we made HeLa S10 cytoplasmic extracts
from a known number of cells and used it as an additional
control (Fig. 6, lane 3). Based on the previously determined
intracellular concentration of PABP, we estimated the amount
of PABP loaded in lane 3 to be approximately 19 ng.
Proteins were separated by SDS-10% PAGE and transferred
onto a PVDF membrane (BioRad) by electroblotting. The
membrane was blocked with 5% milk in Tris-buffered saline–
Tween (TBS-T: 20 mM Tris pH 7.6, 137 mM NaCl, 0.1%
Tween-20) for 1 h. The membrane was washed four times with
TBS-T and incubated with monoclonal antibody for PABP for 1
h at room temperature. After washing, the proteins were detected
by chemiluminescence and autoradiography (ECL-Amersham).
Proteins on the membrane were also quantitated by fluorescence
imaging (Molecular Dynamics).
Using fluorescence imaging of the Western blot with the
purified PABP as a standard, we determined the amount of
PABP in lane 3 to be 23 ng. The amount of PABP in the cell
extracts determined by Western blot analysis was close to the
amount that we estimated based on the published intracellular
concentration of PABP. Therefore, we used the Western blot
analysis to determine the concentration of PABP in the HeLa
S10 translation–replication reaction using the purified recom-
binant PABP as a standard.
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